The aim of this work was to determine whether laminin (Ln), an extracellular matrix protein, induces the intracellular events that may be involved in producing the acrosome reaction in human sperm. To this end, we evaluated the effect of Ln on tyrosine phosphorylation, intracellular calcium concentration, proteasome activity, and phosphorylation in human sperm. Aliquots of highly motile sperm selected with a Percoll gradient, were incubated with different concentrations of Ln (0-20 lg/ml) for different periods (0-18 h). The percentage of viable acrosome-reacted sperm was evaluated using fluorescein isothiocyanate-labeled Pisum sativum agglutinin and Hoechst 33258 DNA dye. Tyrosine phosphorylation was evaluated by Western blot analysis. The chymotrypsin-like activity of the proteasome was evaluated with a fluorogenic peptide, and intracellular calcium concentration was measured with fura-2. The results indicate that Ln stimulated the acrosome reaction of human sperm in a dose-dependent manner. This increase was drastically inhibited in the presence of herbimycin A, SU6656, and epoxomicin. In addition, Ln increased proteasome activity and phosphorylation; both events were inhibited by herbimycin A and SU6656. Finally, Ln induced an increase in intracellular calcium concentration, which was inhibited by SU6656 and epoxomicin. These results suggest that Ln is able to induce the acrosome reaction. This effect may be mediated by Src kinase and the proteasome, with the consequent induction of a calcium influx.
INTRODUCTION
At the time of ovulation, mammalian oocytes are surrounded by the cumulus oophorus and the zona pellucida. The cumulus oophorus consists of a group of approximately 3000-5000 cells and an extracellular matrix they have secreted [1, 2] . The extracellular matrix is composed of several types of molecules, the most important of which are hyaluronic acid, dermatan sulfate, and adhesive glycoproteins such as laminin (Ln) and fibronectin [3] [4] [5] [6] . Franken and Bastiaan [7] reported that the cumulus oophorus induced the acrosome reaction (AR) in human sperm, but they did not determine which component of the cumulus was responsible for this effect. In boar sperm, the interaction between Ln entrapped in the expanded cumuli and specific integrins present on the sperm membrane can initiate the AR [8] . However, the mechanism by which Ln can induce the AR is still unknown. Moreover, nothing is known about the effect of Ln on human sperm.
Integrins connect the external environment (extracellular matrix) with the interior of the cell (cytoskeleton). Integrin ligands include glycoproteins like Fn, type IV collagen, Ln, vimentin, and tenascin, among others. The expression of several integrin subunits in human sperm has been detected by immunofluorescence and Western blot analysis, and they exhibit different localization patterns that depend upon sperm state (freshly ejaculated, capacitated, or acrosome-reacted) [9, 10] . Upon ligand binding, integrins present in several cell types induce adhesion and/or clustering of integrin complexes in the membrane plane, ultimately leading to enhanced protein tyrosine phosphorylation (see references in [11, 12] ). This enhanced tyrosine kinase activity triggers signal transduction cascades, mainly the MAPK pathway (see references in [13, 14] ).
Freshly ejaculated sperm are not able to fertilize an oocyte [15] . This capacity is acquired in the female genital tract through a phenomenon known as capacitation. Once capacitated, the sperm are able to bind to the zona pellucida and undergo the AR on its surface. The AR is necessary for fertilization success because it helps the fertilizing spermatozoon to traverse the zona pellucida, reach the perivitelline space, and fuse with the oocyte plasma membrane [15] . Both capacitation and acrosomal exocytosis are regulated by intracellular signals and are associated with protein phosphorylation at Tyr and Ser/Thr residues [16, 17] . Almost all known signaling systems that operate in somatic cells, with the exception of nuclear signaling, have been found in mammalian sperm [18, 19] . However, the function of many of these signaling pathways in sperm is still not clear. Despite this lack of knowledge, current evidence suggests that Tyr kinases, the MAPK/ERK pathway, PKA, and PKC may all be involved in the AR [20] [21] [22] [23] . For instance, the inhibition of protein Tyr phosphorylation blocks the AR [24] . Another recent study showed that Src family kinases are present in human sperm and are involved in the AR [24] . Integrins have the capacity to activate all these signal transduction cascades [13, 25, 26] . Previously, we demonstrated that fibronectin induces the AR in human sperm and that this effect is mediated by activation of tyrosine kinases [12] .
Another protein that is susceptible to phosphorylation in the sperm is the proteasome. The proteasome is a complex, tightly regulated, multienzymatic threonine protease that is responsible for the degradation of ubiquitin-labeled cytosolic and nuclear proteins. The 26S proteasome has a molecular mass of 2000 kDa and is composed of a proteolytic core complex, termed the 20S proteasome (700 kDa), and two polar 19S complexes that contain ATPase and non-ATPase regulators. The 19S particle is made of at least 17 regulatory complex subunits, including ATP-dependent and ATP-independent subunits, which are estimated to be 29-112 kDa in mass. Some of the 19S subunits are thought to have polyubiquitin chain-binding and deubiquitinating capabilities. The 20S core is composed of 14 small subunits (7 a type and 7 b type) with molecular masses of 21-32 kDa. The a subunits possess regulatory functions, while the b subunits have catalytic functions [27] [28] [29] . The 26S proteasome has been shown to be present in the sperm of several species [30, 31] , including humans [30, 32] . One important aspect of the functional regulation of the proteasome is the phosphorylation/dephosphorylation of some of its subunits [33] [34] [35] . Several reports have indicated that the sperm proteasome is involved in various steps of the fertilization process in marine invertebrates [36] . In mammals, however, there is limited information regarding the role of the sperm proteasome during fertilization [37] .
Recently, we showed that fibronectin induces phosphorylation of proteasome subunits and increases proteasomal activity [12] . We hypothesized that Ln, an extracellular matrix protein present in the oocyte cumulus complex, triggers intracellular signals in the spermatozoa upon binding to the integrins on the sperm surface. Among other events, these intracellular signals may trigger the phosphorylation of some proteasome subunits, proteasome activation, and the later exocytosis of the acrosome, thus modulating the fertilizing capacity of the sperm. The aim of this work was to determine whether Ln induces the AR in human sperm and to study some of the signal transduction mechanisms involved.
MATERIALS AND METHODS

Reagents
The following compounds were purchased from Sigma Chemical Co. (St. Louis, MO): bovine serum albumin (BSA, catalog no.
Red, progesterone, fura-2-AM, ethylenediaminetetraacetic acid (EDTA), ethylene glycol-bis(2-aminoethylether)-N,N,N 0 ,N 0 -tetraacetic acid (EGTA), digitonin, Hoechst 33258 Na 3 VO 4 , NaF, sodium deoxycholate, Nonidet P-40 (NP-40; Igepal CA-630), phenylmethylsulfonyl fluoride (PMSF), leupeptin, bestatin A, and aprotinin. Pisum sativum agglutinin-fluorescein isothiocyanate (PSA-FITC) was purchased from Vector Laboratories, Inc. (Burlingame, CA). Ln (.95% pure) and a monoclonal antibody to integrin a6 were purchased from Chemicon, Millipore (Billerica, MA). The chymotrypsin substrate N-succinyl-Leu-LeuVal-Tyr-7-aminomethylcoumarin (SLLVY-AMC), herbimycin A, SU6656, and epoxomicin were obtained from Affinity Research Products (BIOMOL Research Laboratories, Plymouth Meeting, PA). Antibody to phosphotyrosine (clone 4G10) was obtained from Upstate Biotechnology (Lake Placid, NY). The chemiluminescence detection system was purchased from Amersham Pharmacia Biotech (Piscataway, NJ). Immobilon-P transfer membrane was obtained from Millipore Corp. (Bedford, MA). The DC protein assay was obtained from Bio-Rad Laboratories, Inc. (Hercules, CA).
The deionized water used in these experiments was purified to .18 megohm-cm with Easy-pure ion-exchange system (Barnstead/Thermolyne, Dubuque, IA). Stock solutions of substrates were prepared in DMSO. The final concentration of DMSO in the sperm suspensions was 0.1% (v/v).
Sperm Suspension Preparation
Semen samples were obtained from normal donors after 2-3 days of sexual abstinence, with the approval of the Ethics Committee of the University of Antofagasta. Informed consent was also obtained from the volunteers. All samples had normal semen parameters according to World Health Organization guidelines [38] . The specimens were allowed to liquefy for 30-60 min at 37 8C in a slide warmer. Motile spermatozoa were selected by centrifugation through a two-step (40%/80%) Percoll gradient (Sigma), as described previously [39, 40] . Briefly, aliquots of semen were layered over the upper step of the Percoll gradient and centrifuged for 20 min at 300 3 g. The pellet was diluted in 10 ml of modified Tyrode medium (117.5 mM NaCl, 0.3 mM NaH 2 PO 4 , 8.6 mM KCl, 25 mM NaHCO 3 , 2.5 mM CaCl 2 , 0.5 mM MgCl 2 , 2 mM glucose, 0.25 mM Na-pyruvate, and 19 mM Na-lactate) containing 70 lg/ml each of streptomycin and penicillin and phenol red, centrifuged again at 300 3 g for 10 min, and then resuspended in the appropriate medium. The sperm concentration was evaluated using a hemocytometer and adjusted as needed.
Acrosome Reaction
To induce the AR with Ln and progesterone, motile sperm cells were obtained as described above and resuspended in modified Tyrode medium supplemented with 2.6% BSA. The sperm concentration was adjusted to 10 3 10 6 cells/ml, and the cells were incubated at 378C in 5% CO 2 . After 18 h, the cells were incubated with 0.7 lM progesterone or different concentrations of Ln (0-20 lg/ml) for 30 min. Additional sperm aliquots were preincubated with 10 lM herbimycin A (a non-receptor tyrosine kinase inhibitor), 280 nM Su6656 (an Src kinase inhibitor), or 10 lM epoxomicin (a proteasome inhibitor) for 45 min in the presence or absence of Ln (10 lg/ml for 30 min). At the end of this period, sperm viability and acrosomal status were evaluated using the supravital dye Hoechst 33258 and FITC-PSA, respectively, as described previously [41] . The concentrations of inhibitors used were chosen according to our previous work [17] and values reported in the literature [24] . None of the treatments had any detrimental effect on sperm motility or viability.
To test whether Ln-induced AR depends on interaction with the a6b1 integrin receptor, an immunoneutralization test was carried out using an antibody against the a6 subunit of the receptor, as described previously [12] . Briefly, sperm capacitated for 18 h were preincubated for 45 min at 378C with the antibody (1:100 dilution) and then exposed to Ln (10 lg/ml) or progesterone (0.7 lM) for 30 min before acrosomal integrity was determined, as described previously [41] .
Preparation of Sperm Extracts
Aliquots of highly motile noncapacitated sperm or sperm capacitated for 5 h (T5) and 18 h (T18) were incubated for 30 min with different concentrations of Ln (0-20 lg/ml) at 378C in 5% CO 2 . Then, sperm were washed twice in phosphate-buffered saline (PBS; 137 mM NaCl, 2.7 mM KCl, 1.5 mM KH 2 PO 4 , 4.3 mM Na 2 HPO 4 , pH 7.4), by centrifugation at 800 3 g for 5 min. The resulting washed sperm pellet was resuspended in homogenization buffer (50 mM HEPES, 10% glycerol, 100 lM TLCK, pH 7.4) at a concentration of 25 3 10 6 sperm/ml. The sperm suspension was sonicated (Virsonic, Gardiner, NY) with six 60-W bursts of 20 sec each, followed by centrifugation for 30 sec at 14 000 3 g in a Beckman microcentrifuge to remove nuclear and flagellar material [42] . The supernatant was used as the enzyme stock preparation. All of these procedures were performed at 48C. The protein concentration of each sperm extract preparation, obtained using the DC protein method (Bio-Rad Laboratories, Inc.), ranged from 0.5 to 1.5 mg/ml.
For Western blotting, cells were washed with PBS at the end of incubation, resuspended at a concentration of 30 3 10 6 sperm/ml in 100 ll of radioimmunoprecipitation buffer (containing 150 mM NaCl, 50 mM Tris, 1% sodium dodecyl sulfate [SDS], 2 mM Na 3 VO 4 , 50 mM NaF, 2 mM EDTA, 1% sodium desoxycholate, 1% NP-40, 1 mM PMSF, 10 lg/ml leupeptin, 10 lg/ml bestatin A, and 10 lg/ml aprotinin, at pH 7.4), as described previously [12] .
Enzymatic Activity
After 18 h, the cells were incubated with Ln (10 lg/ml) for 30 min. Additional sperm aliquots were preincubated with 280 nM Su6656 for 45 min in the presence or absence of Ln (10 lg/ml for 30 min). At the end of this period, the enzymatic activity of the sperm extracts was assayed using a fluorogenic substrate designed to evaluate the chymotrypsin-like activity of the proteasome: 50-ll aliquots of enzyme extract were incubated in a final volume of 1 ml containing 50 mM HEPES, 10% glycerol, 100 lM TLCK, pH 7.4, and 10 lM substrate. The assay was run at 378C, and the fluorescence was monitored with excitation at 380 nm and emission at 460 nm in a 1501 model Shimadzu (Kyoto, Japan) spectrofluorometer.
Measurement of Intracellular Free Calcium Concentration
Capacitated sperm suspensions were prepared for intracellular free calcium concentration ([Ca 2þ ] i ) determination by loading with the acetoxymethyl ether of fura-2 (3 lM) for 30 min at 378C in 5% CO 2 , as described previously [12] . To remove the free fura-2, the cells were washed with Tyrode medium supplemented with 2.6% BSA without phenol red and centrifuged twice at 300 3 g for 10 min. The cells were resuspended in Tyrode medium without phenol red at a final concentration of 7 3 10 6 to 8 3 10 6 cells/ml. Then, 1-ml sperm aliquots were resuspended directly in stirred fluorescence cuvettes and used for spectrofluorometric analysis. All procedures were carried out in the dark to prevent sample photobleaching. Fluorescence caused by Ca 2þ under various experimental conditions was monitored with a Shimadzu model 1501 spectrofluorometer at an excitation wavelength pair of 340/380 nm and emission wavelength of 510 nm. Spectrofluorometry was performed in a 358 TAPIA ET AL. magnetically stirred methylacrylate cuvette warmed to 378C in a heated cuvette holder. After equilibration for 2 min, measurements of [Ca 2þ ] i were started. At approximately 100 sec after the beginning of each sample run, Ln (10 lg/ml) was added to the sperm suspension.
To test whether the [Ca 2þ ] i depended upon tyrosine kinase, Src kinase, and/ or proteasome activity, 10 lM herbimycin, 280 nM Su6656, or 10 lM epoxomicin was added to the sperm suspension at approximately 100 sec after the beginning of each sample run. Ln (10 lg/ml) was added approximately 100 sec later. In each experiment, progesterone (0.7 lM) was added as a positive control. Sequential additions of 20 lM digitonin and 10 mM Tris-EGTA were made near the end of each experiment to obtain maximum and minimum fluorescence values.
Western Blot Analysis
Sperm extracts were boiled for 5 min with sample buffer (500 lM Tris-HCl, 10% SDS, 30% glycerol, 0.5% b-mercaptoethanol, and 0.5% bromophenol blue, pH 6.8) and then immediately cooled on ice. Samples (20 lg) were resolved by 12% SDS-polyacrylamide gel electrophoresis (SDS-PAGE) (12% acrylamide/bisacrylamide for the resolving gel and 5% acrylamide/bisacrylamide for the stacking gel) in a Mini-Protean cell (Bio-Rad Laboratories, Inc.). After SDS-PAGE, gels were equilibrated in transfer buffer for 15 min and electrotransferred at 60 V for 150 min onto a polyvinylidene difluoride (PVDF) membrane (Immobilon-P) using a mini-trans-blot cell (Bio-Rad Laboratories, Inc.). Transfer was evaluated by Ponceau Red stain. The membrane was blocked with a solution of Tris-buffered saline (TBS)-Tween 20 (0.1%, v/v) with 3% (w/v) BSA and 3% non-fat dry milk for 90 min. Blots were probed with a mouse antibody against phosphotyrosine, clone 4G10 (1:1000). Then, blots were washed and incubated with an appropriate secondary biotinylated antibody. The reaction was enhanced with streptavidin-peroxidase conjugates. A chemiluminescence kit was used to detect the horseradish-peroxidase-labeled protein, according to the manufacturer's instructions. A ladder of prestained protein standards with a molecular mass range of approximately 7-256 kDa was used. The intensities of the autoradiographic bands were quantified by densitometry. Western blot analyses were performed at least three times.
Immunoprecipitation Procedure
Cell lysate (containing approximately 200 lg of total protein), 5 lg of antibody, and 400 ll of RIPA buffer were added to a microcentrifuge tube, as described previously [12] . The reaction mixture was incubated with shaking overnight at 48C. The immune complexes were obtained by centrifugation (15 000 3 g for 30 sec). The supernatants were discarded, and the pellets were FIG. 1. Effect of laminin on the human sperm AR is shown. Motile sperm were capacitated for 18 h. Then, aliquots were treated with 0.1% DMSO (control, C) or 1-20 lg/ml Ln. As a positive control, sperm were incubated with 0.7 lM progesterone (P). Results represent the means 6 SEM of five experiments with sperm from different donors (*, P , 0.05; **, P , 0.01; ***, P , 0.001, in comparison to the control).
FIG. 2.
Effect of the anti-a6 integrin subunit antibody on the laminininduced AR is shown. Capacitated sperm were preincubated with the antibody (a6) alone or in the presence of 10 lg/ml laminin (Ln þ a6) or 0.7 lM progesterone (P þ a6). Then, the percentage of acrosome-reacted sperm was evaluated. Control sperm suspensions were incubated with 0.1% DMSO (control), 10 lg/ml laminin (Ln), or progesterone (P). Results represent the means 6 SEM of three experiments with sperm from different donors (***, P , 0.001 in comparison to the control). 
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washed twice with RIPA buffer and once with PBS. The washed pellets were mixed with 23 SDS sample buffer and heated in a boiling water bath for 5 min, and the supernatant was subjected to SDS-PAGE. The proteins on the gels were transferred to a PVDF membrane and then visualized using 1:2000 diluted antiphosphotyrosine antibody, as described above.
Stripping Nitrocellulose Membranes
To confirm equal loading of protein, blots that had been probed for phosphotyrosine proteins were stripped and reprobed with an antibody against the a4 subunit of the proteasome, as described previously [12] . For this procedure, approximately 30 ml of stripping buffer (2% [w/v] SDS, 62.5 mM Tris, pH 6.7, and 100 mM b-mercaptoethanol) was added to the membrane for 1 h with constant shaking at 608C. The membrane was then washed three times for 10 min each in TBS, blocked, and probed with primary antibody, as described previously.
Statistics
Data were analyzed by one-way analysis of variance and the StudentNewman-Keuls multiple comparison test for unequal replicates using Instat software. A difference in P value of ,0.05 was considered significant. All data are presented as means 6 SEM.
RESULTS
Effect of Ln on the AR
To analyze the effect of Ln on the AR, aliquots of sperm were capacitated for 18 h and incubated with different concentrations of Ln (0-20 lg/ml). The results showed that Ln induced the AR of human sperm in a dose-dependent manner (r ¼ 0.86; P , 0.01). The percentage of acrosomereacted sperm increased from 15% 6 1% in the control to 44.6% 6 1.3% in the presence of 20 lg/ml Ln (P , 0.001). As a positive control, 0.7 lM progesterone was used to induce the AR (Fig. 1) .
Considering these results and the values that have been reported in the literature, we decided to perform the following experiments using 10 lg/ml Ln because this concentration is similar to that reported to be present in the cumulus oophorus matrix [43, 44] .
The presence of an antibody against the a6 subunit of the Ln receptor prevented the stimulatory effect of Ln (Fig. 2) . Treatment of the spermatozoa with antibody alone did not have any effect on the AR. In addition, the antibody did not affect the progesterone-induced AR (Fig. 2) . Finally, incubation of capacitated sperm with an anti-human immunoglobulin G antibody (control antibody; data not shown) did not prevent the Ln-induced AR.
Effect of Ln on Protein Tyrosine Phosphorylation
To analyze whether Ln induced any changes in the pattern of protein tyrosine phosphorylation, Western blot analyses were performed. The grade of protein tyrosine phosphorylation was analyzed in the presence or absence of 10 lM herbimycin A, a non-receptor tyrosine kinase inhibitor (Fig. 3) . The results revealed that Ln increased protein tyrosine phosphorylation in freshly ejaculated sperm (T0) and sperm capacitated for 5 h (T5) and 18 h (T18). This effect was inhibited by herbimycin A (Fig. 3A) . We noted a global and time-dependent increase in the tyrosine phosphorylation of proteins ranging between 14 and 105 kDa. Consistent with other reports, we detected phosphorylated bands at approximately 14, 30, 45, 58, 69, 85, and 105 kDa [16, 45] . The observed increase was not an artifact of unequal protein loading, as demonstrated by the a4 proteasome subunit control (Fig. 3 B) .
Effect of Protein Tyrosine Kinase Inhibitor on Ln-Induced Acrosome Reaction
Because Ln increases tyrosine phosphorylation, we wanted to analyze whether the Ln-induced AR was mediated by tyrosine kinases. Figure 4 shows that the effect of Ln on the human sperm AR may be mediated by tyrosine kinases, as the effect of Ln was inhibited by herbimycin A, a non-receptor tyrosine kinase inhibitor.
FIG. 4. Effect of herbimycin A upon the laminin-induced AR is shown.
Aliquots of sperm capacitated for 18 h were incubated with 10 lM herbimycin A (Hb) in the present or absence of 10 lg/ml Ln (Ln þ Hb). Then, the percentage of acrosome-reacted sperm was evaluated. Aliquots of sperm capacitated for 18 h were used as control (C). The results represent the means 6 SEM of three experiments with sperm from different donors (*, P , 0.01 in comparison to the control). 2þ ] i in human sperm measured using fura-2 is shown. Sperm loaded with fura-2 were treated at 100 sec with 10 lg/ml Ln alone (Ln) or in the presence of 10 lM herbimycin A (Ln þ Hb). Representative data from one of three independent experiments are shown. The effect of 0.7 lM progesterone (P) is shown as a positive control.
FIG. 5. Effect of herbimycin A (Hb) on the laminin-induced increase in [Ca
360
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Effect of Ln on [Ca 2þ ] i
Regarding the effect of Ln on [Ca 2þ ] i , results showed that Ln increased the free cytosolic calcium concentration in the sperm cells (Fig. 5) . The increase in [Ca 2þ ] i induced by 10 lg/ ml Ln was slightly lower than that induced by 0.7 lM progesterone. The Ln-induced increase in [Ca 2þ ] i was transient, from a mean basal level of 295 6 17 nM to a mean peak value of 987 6 24 nM ( Fig. 5; N ¼ 3) , which represents a mean stimulation of 334% 6 9% above the basal calcium level. The peak value was reached rapidly after Ln addition and slowly decreased to a new basal value, slightly higher than the previous baseline, about 30-40 sec later (Fig. 5) . The effect of Ln was inhibited by the prior addition of 100 lM herbimycin A. The presence of 100 lM herbimycin A significantly reduced both the peak and the plateau of the Ln-induced calcium curve (Fig. 5) . These results are similar to those reported by other studies for the progesterone-induced increase in [Ca 2þ ] i [46] [47] [48] . In all experiments, 0.7 lM progesterone was added as positive control.
Effect of Src Kinase Inhibitor on Ln-Induced AR and Increase in Tyrosine Phosphorylation and [Ca 2þ ] i
Because herbimycin A is an inhibitor of the Src kinase family, we evaluated the effect of the specific Src kinase inhibitor SU6656 (280 nM) on both the AR and increase in protein tyrosine phosphorylation induced by Ln treatment. The results showed that SU6656 inhibited the ability of Ln to increase either the AR (Fig. 6 ) or protein tyrosine phosphorylation (Fig. 7) . In addition, the effect of Ln on [Ca 2þ ] i was 
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inhibited by the prior addition of SU6656 (Fig. 8) . The presence of 280 nM SU6656 significantly reduced the peak and plateau phases of the calcium curve (Fig. 8) .
Effect of Laminin on Proteasome Phosphorylation
Previously, we demonstrated that sperm proteasome subunits are phosphorylated at tyrosine residues and that proteasome activity increases during capacitation [17] . To evaluate the influence of Ln on the phosphorylation status of the human sperm proteasome, aliquots of sperm were capacitated for 18 h and treated with Ln for 30 min in the presence or absence of 280 nM SU6656. Then, sperm extracts were subjected to immunoprecipitation using a monoclonal antibody to the a4 20S subunit of the proteasome, and the precipitated proteins were subjected to Western blotting with an anti-phosphotyrosine antibody. Sperm treated with Ln exhibited a great increase in the content of tyrosinephosphorylated proteasome subunits. This effect was inhibited by the prior addition of SU6656 (Fig. 9) and was not an artifact of unequal protein loading, as demonstrated by the a4 proteasome subunit control (Fig. 9) .
Effect of Ln on Proteasome Activity
Aliquots of sperm capacitated for 18 h were treated with Ln for 15 min, and the chymotrypsin-like activity of the proteasome was evaluated (Fig. 10) . The results indicated that Ln stimulated the chymotrypsin-like activity of the sperm proteasome. In the presence of 10 lg/ml Ln, the chymotrypsinlike activity of the proteasome increased from 0.7 6 0.1 nmol AMC/mg protein per min to 1.1 6 0.01 nmol AMC/mg protein per min (P , 0.01; Fig. 10) . These results are similar to those previously obtained with fibronectin [12] . The effect of Ln on proteasome activity was inhibited by the prior addition of SU6656 (Fig. 10) .
Effect of Epoxomicin on Ln-Induced AR and [Ca 2þ ] i
The Ln-induced AR was drastically inhibited (to control levels) in the presence of 10 lM epoxomicin, an inhibitor of proteasome activity (15% 6 1.8%) (Fig. 11) . As described previously, treatment of the sperm with 10 lM epoxomicin also inhibited the progesterone-induced AR (Fig. 11) . Previously, we reported that proteasome inhibitors block the fibronectin-induced AR (another extracellular matrix protein of the cumulus oophorus [12] ). In addition, the presence of 10 lM epoxomicin significantly reduced the plateau phase of the calcium curve (Fig. 12) . A similar result was found when the fibronectin-induced increase in [Ca 2þ ] i was studied [12] .
DISCUSSION
Our data indicated that Ln, an extracellular matrix protein present in the cumulus oophorus at the time of fertilization, induces the AR in human sperm and that this effect is mediated by Src kinases, increases in proteasome phosphorylation and activity, and calcium influx. We observed that Ln-induced AR was specifically mediated by interaction with its integrin receptor. This interpretation is supported mainly by the fact that the integrin subunits that correspond to the Ln receptor, particularly subunits a6 and b1, are expressed in human sperm. These subunits are located in the plasma membrane of the acrosomal region and in the equatorial segment [10, 49] . The results of the immunoneutralization test offers additional support that the effect of Ln is specific. Addition of the antibody against the a6 subunit of the Ln receptor to the suspension of capacitated sperm prevented the stimulating effect of Ln. In contrast, the neutralization of the integrin was unable to affect progesterone-induced acrosome reaction.
Our results agree with those of other studies that have shown that Ln induced the AR in boar sperm [8] . They showed that the interaction between Ln entrapped in the expanded cumuli and specific integrins present on the sperm membrane can initiate the AR. Moreover, they showed that solubilized, 362 expanded cumuli treated with anti-Ln antibody completely lost their AR-inducing activity [8] . In this work, we present the first evidence that Ln induces the AR in human sperm.
The mechanism by which Ln induces the AR is unknown. Current evidence suggests that integrins utilize multiple pathways to activate specific signaling proteins [50, 51] . In addition, it is well known that integrin interaction with ligands induces adhesion and/or clustering, leading to enhanced tyrosine phosphorylation [11] and activation of MAPK3/1 [13, 52] . Integrins are a family of cell surface glycoprotein receptors that allow cells to attach to other cells or to the extracellular matrix. In addition to functioning in adhesion, integrins have a role in signal transduction inside the cell. Thus, integrins can be viewed as two-way signaling molecules, with both ''inside-out'' (intracellular events cause conformational changes in the external domain of the integrin receptor that affect its affinity or distribution of the integrin) and ''outsidein'' (ligand binding results in intracellular messenger formation) regulation [50] . Both systems seem to be operative in mammalian sperm [53] . Moreover, sperm capacitation and AR are regulated by intracellular signals induced mainly by protein phosphorylation at Tyr and Ser/Thr residues [54, 55] . It has been demonstrated that protein phosphorylation at Tyr residues on the sperm head is necessary for the AR [16] . We observed that Ln induced an increase in the degree of protein phosphorylation in Tyr residues, in both recently ejaculated and capacitated sperm.
In many cell types, integrins activate the focal adhesion kinase (FAK) pathway [56] . Until now, however, there have been no reports of FAK in mammalian sperm. Integrins signal not only through FAK activation [57, 58] , but also by FAKindependent Src activation [26, 59] . We demonstrated that the increase in the degree of tyrosine phosphorylation is mediated by tyrosine kinases of the nonreceptor type, more specifically by Src, as Ln-induced phosphorylation was inhibited in the presence of SU6656, a specific inhibitor of Src. There is evidence that Src is present in human sperm [60, 61] . Moreover, Varano and colleagues [24] described a novel Src isoform in human spermatozoa that appears to be involved in regulating sperm capacitation, calcium fluxes, tyrosine phosphorylation, and AR. Recently, Src inhibition has been shown to block progesterone-induced calcium release from intracellular stores in platelets [62] . In neurons, Src has been demonstrated to regulate, through tyrosine phosphorylation, the voltage-dependent calcium influxes that underlie neurotransmitter release [63, 64] . The calcium requirement for Src activity associated with sperm membranes has recently been documented in human spermatozoa [59] , in contrast with its inhibition of the other Src kinase, YES1 [65] . FIG. 11 . Effect of laminin on the human sperm AR and its regulation by the sperm proteasome are shown. Aliquots of sperm were capacitated for 18 h and then treated with 0-20 lg/ml Ln in the absence (white bars) or presence (black bars) of 10 mM epoxomicin, an inhibitor of proteasome activity. As a positive control, sperm were incubated with 0.7 mM progesterone (P) alone (striped bar) or with epoxomicin (black bar). Results represent the means 6 SEM of five experiments with sperm from different donors (**, P , 0.01; and ***, P , 0.001, in comparison to the control).
FIG. 12. Effect of epoxomicin (E) on the laminin-induced increase in [Ca 2þ ] i in human sperm measured using fura-2 is shown. Sperm loaded with fura-2 were treated with 10 lg/ml Ln at 100 sec in the presence (Ln þ E) or absence (Ln) of 10 lM epoxomicin. Representative data from one of three independent experiments are shown. The effect of progesterone (0.7 lM) is shown as a positive control.
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Consistent with these findings, we present evidence that treatment of sperm with Ln increased the [Ca 2þ ] i and the level of protein tyrosine phosphorylation mediated by Src kinase. In addition, we found that the enzymatic activity of the sperm proteasome was activated, that some of its subunits become tyrosine phosphorylated upon Ln treatment, and that both of these effects are mediated by Src kinase. There is evidence that S5A, a 26S subunit of the proteasome, is regulated by Src kinase at the transcriptional level during apoptosis [66] . In this work, our results suggest that Src kinase may regulate the degree of phosphorylation of subunits of the proteasome and consequently modulate its activity. These events may be part of the signal transduction mechanism of Ln.
What is the molecular basis of the Ln-induced increase in proteasome activity? In this work, we have measured proteasome activity using small, synthetic peptides that do not need to be ubiquitinated in order to be degraded. Therefore, the Ln-induced increase in substrate degradation is most likely due to differences in proteasome activity. We suggest that the increase in phosphorylation of the proteasome is responsible for the increase in activity. Indeed, proteasome activity can be regulated by phosphorylation. For example, Yang et al. [67] showed that phosphorylation events are necessary for the assembly of the 26S proteasome. Subunits S4, S6, and S12 of the 19S regulatory complex have been shown to be phosphorylated [33] . Recently, it was shown that many 20S proteasome subunits were target substrates of PKA, as phosphorylation by PKA augmented the proteolytic function of the 20S in heart and liver [68] . We have provided evidence that the activity of the human sperm proteasome is regulated by PKA and tyrosine kinase [69] . In addition, the proteasome pathway has been reported to participate in several aspects of integrin signal transduction. Integrin activation upon interaction with a substrate activates the ubiquitin ligase CBL (c-cbl) [70] , promotes the proteasome-mediated cleavage of the ERBB2 cytoplasmic domain (ERBB2 is a member of the EGF receptor family) [71] , and induces the proteasomal degradation of the CDK inhibitors p21Cip1 (CDKN1A) and p27Kip1 (CDKN1B) [72] , as well as the proteasomedependent degradation of RAF1 [73] and the PDGF receptor [74] . All these observations support the importance of the proteasome pathway in integrin signal transduction.
Previously, several reports have shown that Ln induces Ca 2þ influx [75] in boar sperm. A number of studies of lymphocytes, granulocytes, and osteoclasts have shown that ligand binding to integrin receptors in mammalian systems causes elevation of [Ca 2þ ] i [76] [77] [78] . In addition, Ln potentiates L-type plasma membrane Ca 2þ channels and current. The elevation of [Ca 2þ ] i upon integrin activation results from both inositol trisphosphate-evoked Ca 2þ release from sarcoplasmic/ endoplasmic reticulum and extracellular Ca 2þ influx through voltage-gated L-type plasma membrane Ca 2þ channels [79] . Our finding that Ln induces the AR and Ca 2þ influx supports the hypothesis that a6b1 integrin has an outside-in signaling function in the sperm. Furthermore, the existence of L-type calcium channels has already been reported in human sperm [80] [81] [82] . We also found that epoxomicin, an inhibitor of proteasome activity, decreased the plateau phase of the Lninduced calcium entry into the sperm cells, while the transient initial peak was unaffected. These results suggest that proteasome activation may be upstream of the generation of the sustained phase of the [Ca 2þ ] i increase. A similar finding was reported for the progesterone-induced [Ca 2þ ] i [37] .
In most mammalian species, the cumulus oophorus still surrounds the egg when it arrives at the fertilization site in the ampulla of the oviduct [83] . The cumulus mass consists of a group of 3000-5000 cells and an extracellular matrix secreted by these cells [1, 2] . The main component of the extracellular matrix is glycosaminoglycan hyaluronic acid, which is conjugated with several cell adhesion glycoproteins, including fibronectin and Ln [3] [4] [5] . Our observation that Ln can induce the AR via calcium influx upon binding to its integrin receptor a6b1 supports the hypothesis raised by Barboni and colleagues [75] that the hyaluronic acid network of the expanded cumuli may be a preliminary sperm-egg recognition mechanism that precedes the sperm-zona interaction. Indeed, previous reports indicate that the cumulus contains and secretes other molecules that increase capacitation or the AR in human sperm (e.g., progesterone, hyaluronic acid) [39, 84] . A recent report by Jin et al. [85] provides evidence that fertilizing mouse sperm undergo the AR while traversing the cumulus matrix and before reaching the zona pellucida of cumulus-enclosed oocytes. This observation provides further support to the idea that the cumulus cells and their matrix play an important role in fertilization.
The sperm-cumulus interaction could serve several purposes. Cumulus-induced ARs might be used to eliminate supernumerary sperm that, after reacting with the cumulus, stick on it, as observed by Cummins and Yanagimachi [86] , and therefore cannot reach the egg. This may serve as a mechanism to prevent polyspermy. In contrast, only sperm still on the way to capacitating could cross this first vestment and interact with the zona. Upon reaching the zona pellucida, the sperm could activate the cascade of events leading to acrosomal exocytosis [15] . We have preliminary evidence (Martinez et al., unpublished results) that Ln and fibronectin do not induce the AR of noncapacitated sperm. Finally, the AR of fertilizing spermatozoa could start in the extracellular matrix and end on the zona surface [85] .
In conclusion, we have presented evidence that Ln, an extracellular matrix protein present in the cumulus oophorus at the time of fertilization, induces the human sperm AR by a mechanism that may depend upon Src kinase activity, proteasome phosphorylation, and activation and calcium influx.
